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ABSTRACT

The development of Doppler Global Velocimetry from a laboratory
curiosity to a wind tunnel instrumentation system is discussed. This
development includes system advancements from a single velocity
component to simultaneous three components, and from a steady state
to instantaneous measurement. Improvements to system control and
stability are discussed along with solutions to real world problems
encountered in the wind tunnel. This on-going development program
fol lows the cyc l i c evo lut ion of understanding the phys ics of the
technology, development of solutions, laboratory and wind tunnel
testing, and reevaluation of the physics based on the test results.

INTRODUCTION

The development of classical wind tunnel instrumentation proceeded
from the origination of the basic concept, to the development of a
m a t h e m a t i c a l m o d e l t o d e t e r m i n e f e a s i b i l i t y, f o l l o w e d b y t h e
c o n s t r u c t i o n o f a l a b o r a t o r y p r o t o t y p e . T h e p r o t o t y p e w o u l d
subsequently be tested to determine if the instrument yielded the
des ired measurement . Then a f irst generat ion system would be
constructed and tested in a wind tunnel. Its performance would be
evaluated by comparing the results with theoretical predictions and/or
measurements obtained with other instrumentation. Typically, the
new technology would have the same performance in the wind tunnel as
it did in the laboratory.

While the development of Doppler Global Velocimetry (DGV) followed
this sequence, the expected wind tunnel performance, as predicted by
laboratory testing, has not yet been realized. The instrument has
proven to be very sensitive to environmental conditions. Additionally,



efficient operation of DGV requires modifications to normal wind
tunnel testing procedures. This instrument promised measurement
c a p a b i l i t i e s u n p a r a l l e l e d b y c u r r e n t f l o w f i e l d m e a s u r e m e n t
technologies to provide the large experimental databases needed to
verify computational fluid dynamic codes. In addition, this global
measurement technology had the potential to reduce the test time
needed to globally describe complex flows.

The laboratory development phase of DGV was thus expanded to
inc lude wind tunnel test ing to guide and supplement laboratory
investigations. This expanded development program provided greater
insight into the fundamental characteristics and sensitivities of the
t e c h n o l o g y. D G V h a s b e e n t e s t e d i n s u b s o n i c , t r a n s o n i c , a n d
supersonic flows in wind tunnels spanning the laboratory-type Basic
Aerodynamics Research Tunnel at Langley to the large 40-by 80-foot
National Subsonic Tunnel at the NASA Ames Research Center. Each of
these wind tunnel entries revealed aspects of the technology that were
later refined in the laboratory. Once understood, the system and/or
data processing software were modified to minimize environmental
sensitivity while maximizing measurement resolution and accuracy.
This process, which continues today, is described here.

Early System Development

Doppler Globa l Veloc imet ry was invented when Komine
1
used the l igh t

absorpt ion character is t ics of Iodine vapor to determine the absolute frequency

of Doppler shif ted laser l ight scat tered by small part ic les passing through an

Argon ion laser beam. With the laser frequency tuned to the midpoint along the

side of the absorpt ion l ine, Doppler shif ted scat tered l ight would pass through

the Iodine vapor with greater (or less , depending on the direct ion of the Doppler

s h i f t ) a b s o r p t i o n , t h u s e s t a b l i s h i n g t h e f u n d am e n t a l m e a s u r em e n t

re l a t ionsh ip . S ince Dopple r- sh i f t ed sca t t e red l igh t i s the measurement

parameter, DGV does not require optical resolut ion of individual seeding

part icles , nor is i t l imited to the measurement of veloci ty at a single locat ion in

space. The direct measure of optical frequency el iminates the problems of

s i gna l i n t e r f e r ence f rom mul t i p l e s ca t t e r e r s i nhe r en t i n s t anda rd l a s e r

velocimetry. Thus col lected scat tered l ight originat ing from a part icle cloud

passing through the spat ial volume subtended by the laser beam and the viewing

receiver opt ica l sys tem wil l y ie ld the average veloci ty of the scat ter ing

part icles present within the volume. A global measurement system can then be

constructed by expanding the laser beam into a l ight sheet and replacing the

detectors with Charge Coupled Device (CCD) video cameras, Figure 1. Each

pixel element of the CCD becomes, in effect , a single detector measuring the

average veloci ty within the port ion of the l ight sheet imaged on that pixel . Thus
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the signal camera image, fol lowing normalizat ion by a reference camera image,

becomes a picture of the veloci ty f ield.

The tr ivial mathematical descript ion and subsequent measure of a supersonic

jet in the laboratory by Komine et al
2
and the veloci ty f ield measurement of a

rotat ing wheel by Meyers and Komine
3
lead direct ly to the construct ion of the

firs t generat ion wind tunnel DGV system. The optical configurat ion is shown

in schematic form in Figure 1 and pictorial ly in Figure 2. A custom video

electronics system was constructed to normalize the signal camera to the

reference camera. The resul t ing RS-170 compatible signal was processed by a

commercial frame grabber to produce real- t ime pseudo colored video to bet ter

visual ize the veloci ty f ield. The firs t DGV wind tunnel applicat ion was the

measu re o f the vo r t i c a l f l ow above a de l t a w ing in the Lang l ey Bas i c

Aerodynamic Research Tunnel , Figure 3. While the normalized signal images

gave an indicat ion of veloci ty dependency, the data qual i ty from laboratory

measurements of a rotat ing wheel was not obtained. Subsequent laboratory

invest igat ions traced the poor data qual i ty to the inabi l i ty to perfect ly al ign the

two cameras. Normalized images obtained from perfect ly al igned cameras

would produce a constant ampli tude throughout the image, even if the target

was a series of black dots on a white background. An alignment error would

produce a series of shadows on the same side of al l the dots . Optical dis tor t ions

caused by the components in the receiver opt ical system would produce shadow

patterns that vary within the image
4
, Figure 4. This inabi l i ty to overlay the two

images wi th in subpixel to lerances resul ts in the incorrec t ca lcula t ion of

normalized ampli tudes, s ince the corresponding signal and reference pixels

view different locat ions in the l ight sheet . Image processing techniques were

used to real ign the distor ted images. These tools also removed the perspect ive

distor t ions imposed on the images when viewing the l ight sheet from the side of

the wind tunnel , Figure 2.

Implementat ion of this technology required the digi tal acquisi t ion of each

camera output , and the development of new calibrat ion procedures and data

processing software. A survey of commercial frame grabbers did not f ind a

system that was capable of acquir ing images simultaneously from mult iple

cameras. Thus a custom dual frame grabber was constructed
3
. An al ignment

target , consis t ing of a two-dimensional array of equispaced dots , was also

constructed. The dots on this target also served as the fiducial marks required

by commerc i a l l y - ava i l ab l e image proces s ing so f tware to de t e rmine the

warping equat ions needed to de-warp the images. Normalizat ion of the warped

s igna l and refe rence ta rge t images s t i l l showed shadows about the dots

indicat ing incomplete removal of the distor t ions. The commercial software

was able to remove linear dis tor t ions such as perspect ive, but was incapable of

removing the effects of minor, nonlinear dis tor t ions originat ing from optical

imperfect ions. A software-development program was undertaken to obtain

warping algori thms that were capable of removing both perspect ive and optical

dis tor t ions. The resul t ing method used piecewise, bi l inear warping procedures
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to subdivide the target image into sect ions suff icient ly small to approximate

the nonlinear dis tor t ions by linear segments
5
. In pract ice, a grid of 20 by 20

sect ions, defined by the dot centroids in the test target , yielded suff icient

correct ion
4
.

Other system modif icat ions derived from the del ta wing test include revised

l ight sheet forming optics and optics to reduce Mie scat ter ing effects . The

l i g h t - s h e e t - f o rm i n g c y l i n d r i c a l l e n s wa s r e p l a c e d w i t h a h i g h - s p e e d

galvanometer scanner to produce a l ight sheet with a more uniform intensi ty

dis t r ibut ion. Scat ter ing-angle and polar izat ion-dependent Mie scat ter ing

intensi ty variat ions
6
were reduced by placing a quarter-wave plate in the laser

output beam to circular ize the laser l ight polar izat ion.

The vortical flow field above the delta wing was again measured using
the rev i sed opt i ca l sys tem, new dig i ta l acqu is i t i on sys tem, and
improved data processing software. The resulting measurement of the
cross-flow velocity component is shown in Figure 5. The structure on
the left side of Figure 5 is characteristic of a vortical flow, whereas the
structure on the right is representative of a solid body of revolution.
The laser light sheet was rotated to align with the vortex path, Figure 6.
The illuminated smoke on the left side of the delta clearly shows a dark
region indicative of a vortical core extending along the full length of the
delta. The dark core region on the right side ends in a homogeneous
cloud near the front of the delta indicating that the vortex has burst.
Since the DGV measurements were acquired at 80-percent chord,
Figure 5 shows the velocity field of the burst and unburst vortices.

Modifications to the DGV System

Although the new test results showed a vast improvement in data
quality, they also uncovered further noise sources and the next level of
hardware problems. The data was noisy and contained unrealistic
values at the edges of the smoke plume. Further analysis of the data
and the operation of the CCD video cameras revealed several system
characteristics that could be responsible. These include:

1) camera dark current,
2) stray ambient room light,
3) stray laser light scattered from structures including the model,
4) variations in pixel sensitivity throughout the CCD array,
5) charge transfer noise, modulation transfer function, and
6) field interlacing.

Spatial ly dependent variat ions in l ight transmission through the
s ignal and reference opt ica l paths were a lso d iscovered . These
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variations were caused by nonuniform optical transmission/reflection
from the beamsplitter, mirror, and the Iodine vapor cell windows,
resulting from manufacturing defects, and even dirt on the optics.
Severe optical distortions were present in the signal and reference
camera images. The distortions were traced to the use of the image
transfer optical configuration in the receiver optical system, and
stresses induced by welding thin windows to the Iodine vapor cell body.

These findings led to the development of new calibrat ion procedures, changes

and add i t i on s t o t h e da t a p r o c e s s i ng so f twa r e , a nd mod i f i c a t i on s and

replacements in the receiver opt ical system
4
. Firs t , the assumed lineari ty of the

CCD video cameras was verif ied. The l inear response al lowed the pixel

sensi t ivi ty map to be resolved by il luminat ing the CCD with two intensi t ies of

green l ight . The sensi t ivi ty slope (quantum efficiency) for each pixel was then

computed. Background light images were acquired with the DGV system

operat ing normally, except smoke was not injected into the flow. Subtract ing

t h e s e image s f r om th e d a t a image s wou l d r emove con t r i b u t i o n s f r om

background room and laser l ight along with camera dark current . The data

acquisi t ion software was modif ied to accept only a single f ield from the

acquired data frames because the second field was obtained after the firs t f ie ld

was acquired. Linear interpolat ion methods were used to est imate the missing

i n t e r l a c e d r ow s . Ch a rg e t r a n s f e r n o i s e wa s r e d u c e d u s i n g s t a n d a r d

kernel-based low pass f i l ter ing techniques. A 5x5 top hat f i l ter ing kernel was

chosen because i ts bandwidth was sl ight ly wider than the modulat ion transfer

funct ion of the cameras. Thus, high-frequency noise was removed without

inf luencing the character is t ics of the measured flow structures .

A new calibration procedure was added to determine the spatially
dependent variations in light transmission through the signal and
reference optical paths. A flat white target was placed in the laser light
sheet plane and data images acquired. The ratio of the reference image
divided by the signal image become a correcting map to spatially flatten
the optical transmission of the receiver optical system.

The receiver optical system was restructured from the image transfer
configuration to the boresight configuration. This change increased
o p t i c a l t r a n s f e r e f f i c i e n c y a n d e l i m i n a t e d t h e s e v e r e o p t i c a l
distortions imposed by the short focal length transfer lens. A second
receiver optical system was constructed for the purpose of measuring
t h e l a s e r o u t p u t f r e q u e n c y. T h i s l a s e r f r e q u e n c y m o n i t o r w a s
necessary because the optical frequency would slowly drift with time.
The laser would also occasionally hop longitudinal modes that suddenly
changed the optical frequency by 126 MHz in the 5 W Argon ion laser.
Finally, the NASA-built Iodine vapor cell was replaced by a commercial
unit that had thick optically flat windows. These windows were cold
welded to the cell body, thus eliminating the image distortion problems
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found in the NASA cell . The new cell was also manufactured using a
multi-purge method with inert nitrogen to insure complete removal of
contaminating oxygen. A second commercial cell was obtained and
installed in the laser frequency monitor.

The loop completed with the next wind tunnel test ¾ an invest igat ion of the

supersonic f low in the Langley Unitary Plan Wind Tunnel
7
. The measurement

of the vert ical veloci ty component above an incl ined flat plate at a freestream

Mach number of 2.5 is shown in Figure 7. The variat ion in veloci ty above the

shock is the contr ibut ion of freestream. As the scanning galvanometer swept

the laser beam upstream and downstream of the orthogonal viewing direct ion,

freestream veloci ty contr ibuted to the measurement vector by the sine of the

sweep angle. This invest igat ion also provided the opportuni ty to determine the

capabil i ty of DGV to obtain measurements from submicron diameter water

condensat ion part icles .

The Three Dimensional System

The confl ict between desired l ight sheet orientat ions and the basic Doppler

re la t ionship prohibi ts the measurement of veloci ty in s tandard Cartes ian

coordinates . Thus, three component DGV measurements were necessary to

r e so lve f low ve loc i t y a long the s t anda rd coo rd ina t e axes . P rev ious ly,

sequential three-component measurements were obtained by reorient ing the

l ight sheet within the measurement plane
5
. These measurements could be

r e s o l v ed a l ong s t a nd a r d ax e s , b u t f l ow s t a t i o n a r i t y and mea su r emen t

independence must be assumed. A better solut ion would be the addit ion of two

r e c e i v e r o p t i c a l s y s t e m s t o o b t a i n s i m u l t a n e o u s t h r e e c om p o n e n t

measurements . The data acquis i t ion system was also upgraded from the

NASA-buil t dual frame grabber to a commercial image processing system

capable of acquir ing simultaneous data from six RS-170 video cameras.

The next development loop began again in the laboratory where two
q u e s t i o n s n e e d e d t o b e a n s w e r e d : I s t h e w a r p i n g t e c h n o l o g y
sufficiently accurate to overlay six camera images with the necessary
precision to obtain velocity vector transformations? Can resolved
measurements be obtained should the receiver optical systems move
with respect to one another?

The three-component DGV optical system was placed about a rotat ing wheel ,

with a receiver set on the lef t , the r ight , and above with a 30
o
incl inat ion to the

plane of the wheel . The wheel was i l luminated with a cone of laser l ight

propagat ing in the horizontal plane, and incl ined by 45
o
to the wheel . The view

from each receiver of the cal ibrat ion dot card placed on the wheel is shown in

Figure 8. Warping these three images to remove perspect ive and optical

dis tor t ions produced the squared images also shown in Figure 8. Spat ial
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al ignment of the three images was set by locat ing the fiducial dot , represent ing

the center of the wheel , to the same pixel locat ion in the output images.

Magnif icat ion of each image was adjusted to yield the same number of rows and

columns extending from the fiducial dot . The three warped images appear to

have the proper overlay to determine the normal streamwise, U (orthogonal to

the wheel) , cross f low, V (horizontal) , and vert ical , W veloci ty components

for each corresponding pixel in the images.

The wheel was spun and the veloci ty data acquired. The measured and resolved

veloci ty images are shown in Figure 9. As expected, the U component was

nominal ly 0 m/s, and the V and W components had the appropriate profi les for

a sol id body of revolut ion, with the proper 90
o
phase difference between them.

The wheel was then moved 1.0 cm away from the receiver opt ical systems along

the streamwise direct ion. This change had the effect of misal igning the three

receiver opt ical systems with respect to one another. Again the wheel was spun

and veloci ty data acquired. The acquired images were processed in the same

manner using the same warping equat ions as before. This was acceptable since

the optical dis tor t ions did not move, and the wheel was st i l l within each camera

depth of f ield. Thus components A, B, and C yielded the same veloci ty

measurements as before except the data was spat ial ly shif ted. These three

images were real igned by cross correlat ing their respect ive reference camera

images to determine the spat ial offsets . After al igning the component images,

the orthogonal components were resolved. The resul ts were the same as before

except the edges of the wheel were cl ipped because of a smaller common area.

The next step was the at tempt to transfer this technique to the wind tunnel . The

firs t wind tunnel applicat ion of the three-component DGV system served as a

demonstrat ion of the Langley-designed system for the 40-x 80-foot National

S u b s o n i c Wi n d Tu n n e l a t t h e NASA Ame s R e s e a r c h C e n t e r
8
. T h e

high-temperature (700
o
C), high-speed (500 m/s) f low exit ing an engine model

at component focal dis tances up to 15.5 m const i tuted a test of the de-warping

techniques. Cross-correlat ing the component measurements was not necessary

because of the stabi l i ty of the system instal lat ion. Unfortunately this was not

true for the next wind tunnel test ¾ the invest igat ion of the wing tip vortex

interact ion with a trai l ing model in the Langley 30-x 60-foot Full Scale Wind

Tunnel , Figure 10. Although this faci l i ty was smaller than the Ames tunnel , i t

had an open test sect ion making the optical system instal lat ion more diff icul t .

Two of the receiving optical systems were instal led in pods on the test sect ion

floor, (Figure 10), at focal dis tances of 7.5 m from the l ight sheet . The third

receiver was placed on top of the test sect ion inlet at a focal dis tance of 18.25 m.

A 5-cm diameter vort ical f low was measured with the upstream airfoi l set to 2-

and 10-degree angles of at tack. As expected, system vibrat ion from flow

buffet ing and tunnel vibrat ion affected system alignment . Cross correlat ing

each component signal image with i ts respect ive reference image showed

component misal ignments up to 3 pixels (3.75 mm in the measurement plane) .

Component- to-component misal ignments were found to be as great as 10 pixels
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(12.5 mm in the measurement plane) . The component measurement images

were computed fol lowing the al ignment of each signal camera image with

respect to i ts reference camera image. These images were then al igned to

resolve the orthogonal veloci ty components . Averaging 30 cross-f low veloci ty

data images produced the resul ts shown in Figure 11 for the two angles of

at tack. Although these resul ts clearly show the vortex motion, they provide

l i t t le information about the vortex structure. Applying the cross correlat ion

procedure to the 30 data images compensated for vortex motion and produced

the averaged vortex structures shown in Figure 12. These two wind tunnel tests

showed that three-component DGV measurements were possible in large wind

tunnels .

Instantaneous Measurements

To date , the DGV sys tems used a cont inuous-wave Argon- ion laser and

free-running, industry-standard RS-170 CCD video cameras. Allowing the

cameras to free run at their 16.7 ms single-f ield integrat ion t ime maximized the

acquired scat tered l ight . While this long integrat ion t ime was sat isfactory for

the measurement of stat ionary flows, i t was unacceptable for the measurement

of unsteady flow fields such, as in rotorcraf t appl icat ions. In ant icipat ion of

the need for a pulsed system, the Northrop Research and Technology Center was

cont rac ted by the NASA Langley Research Cente r in 1990
9
, to conduc t

l a b o r a t o r y i n v e s t i g a t i o n s t o d e t e rm i n e i f a pu l s e d , s i n g l e - f r e q u en cy,

frequency-doubled Nd:YAG laser could be used in DGV applicat ions to obtain

ins tantaneous veloci ty measurements . This successfu l research program

c u l m i n a t e d w i t h t h e f i r s t i n s t a n t a n e o u s DGV m e a s u r e m e n t s , t h e

one-component veloci ty measurements in a 10-x 10-cm jet .

The first wind tunnel use of the instantaneous DGV system was chosen
to be the azimuth dependent measurement of a helicopter rotor wake.
The flow would have been generated by an isolated rotor system
consist ing of a Mach-scaled , four bladed rotor with a rotor disk
diameter of 1.7 m. The investigation was to be conducted in the Langley
14-by 22-Foot Subsonic Tunnel operating in the open test section
configuration. Projection Moiré Interferometry (PMI) was selected to
measure the rotor blade position, bending, and twist at the same
instant as DGV measured the f low f ie ld . Addit ional test issues
included: 1) the test would be conducted in winter; 2) the tunnel lights
would be illuminated for rotor blade monitoring; and, 3) access to the
test section would be prohibited during rotor operation.

These test requirements necessitated major redesigns of the DGV
systems. This included:
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1)Replacement of the continuous-wave Argon ion laser with a pulsed,
single-frequency, frequency-doubled Nd:YAG laser;

2)Replacement of the scanning galvanometer with a cylindrical-lens
light sheet forming optical system;

3)Replacement of the photodiodes in the laser frequency monitor with
the same CCD video cameras used in the receiver optical systems;

4 ) R e p l a c e m e n t o f t h e d a t a a c q u i s i t i o n s y s t e m w i t h n e w e r P C
compatible frame grabbers capable of simultaneous acquisit ion
from multiple cameras;

5)Development of new data acquisition and control software for the
simultaneous acquisition of images from eight CCD video cameras at
a 10 Hz rate. Four PC compatible computers acquired the data under
the control of a master computer;

6)Encasing the Iodine vapor cells in insulated containers to minimize
the effect of the expected large temperature changes in the wind
tunnel;

7)Development of a temperature monitoring electronics system to
acquire the stem and body temperatures of the Iodine vapor cells;

8)Development of timing and synchronization circuitry to control:

a)Nd:YAG laser,
b)PMI laser diode,
c)0.1 ms aperture electronic camera shutters (8 - DGV, 1 - PMI),
d)frame grabbers (8 - DGV, 1- PMI),
e)acquisition of Iodine vapor cell temperatures (8),
f)acquisition of rotor azimuth from the rotor shaft encoder;

9)Development of remote control beam directing optics to shift the
Nd:YAG laser beam from the laser light sheet forming optics to
Iodine vapor cell calibration optics.

The major part of the laboratory phase of this development was
learning the characteristics of the Nd:YAG laser, constructing the new
optical components, developing and constructing the new electronics
systems, and developing the new software. The components were
tested in the laboratory using actual equipment where possible, and
simulated signals otherwise. The system was installed and tested in
the 2-inch pipe flow facil ity as a rehearsal for the tunnel test.
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Since the video acquisition systems were upgraded, a comparative
study was undertaken to determine the tradeoffs between performance
and cost of potential video systems. The performance criteria is camera
s i g n a l - t o - n o i s e r a t i o . C a m e r a m a n u f a c t u r e r s n o r m a l l y s p e c i f y
electronic signal to noise ratios during the acquisition of a single
image. A more meaningful definition, from a measurement standpoint,
is the image-to-image performance of the camera. That is, the ability of
the camera to maintain a constant output level for each pixel from
image-to-image with the camera viewing a constant il lumination. A
transparency composed of a series of gray-scale boxes of increased
optical density was fabricated, Figure 13. Each camera / frame grabber
under test acquired 100 images of the back lit transparency. A 10-x
10-pixel element was selected from each of the 10 boxes. The mean and
standard deviation were calculated for each pixel within the element
throughout the 100 images. The average of the 100 pixel mean values
represented the signal, and the average of the 100 standard deviations
represented the noise. The resulting signal-to-noise ratios for several
c a m e r a / f r a m e g r a b b e r s e t s a r e s h o w n i n F i g u r e 1 4 . S e v e r a l
conclusions were drawn from these results:

1)The frame grabber has a major influence on overall signal-to-noise
ratio, e.g. , the old RS -170 camera / 8-bit frame grabber yielded 6.5
effective bits in dynamic range whereas the same camera with a new
PC compatible 10-bit frame grabber yielded 8.5 effective bits in
dynamic range. (Frame grabber cost: $65k (old) versus $2k (new))

2)The 10-bit and 12-bit digital cameras yielded the same 8.5 effective
bits in dynamic range.

3)The 16-bit digital camera yielded 9.5 effective bits in dynamic range.

4)High end cameras generally increased sensitivity with reduced noise
at low signal levels, which is consistent with their primary design
function in astronomical applications.

Based on these results, the RS -170 cameras were retained and the
previous frame grabber was replaced with the 10-bit PC compatible
frame grabber.

Dur i ng s y s t em t e s t i n g i n t h e 2 - i n c h p i p e f l ow, t h e I od i n e v apo r c e l l

t empe r a t u r e s wou ld occa s i ona l l y d r i f t when env i r onmen t a l cond i t i on s

changed. This problem was minimized after the cel ls were encased in insulated

conta iners . However, i t was not poss ib le to s imula te the environmenta l

temperature changes expected in the wind tunnel . El l iot et al
10

and Roehle
11

reported that reducing the amount of Iodine contained in the cel l to the point

where al l Iodine is in the vapor state resul ted in more stable absorpt ion l ine
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cal ibrat ions. Once the Iodine was in the vapor state , increased temperature

produced Doppler broadening, but no signif icant changes were found in the

cal ibrat ions. A spare cel l was overhauled by the manufacturer to yield ful l

vapor at a cel l temperature of 40
o
C, the nominal cold point temperature set t ing

of the standard cel ls . Laboratory test ing of this cel l produced cal ibrat ions far

less temperature sensi t ive than other cel ls . Unfortunately, there was not

suff icient t ime to overhaul the remaining cel ls before the tunnel test . The vapor

l imited cel l was placed in the laser frequency monitor to increase stabi l i ty of

the laser frequency measurements .

INTEGRATION

The primary object ive of the rotor wake exper iment was to determine if

three-component DGV technology could be used to measure the unsteady rotor

wake flow field, and ident ify and character ize the vort ical f ield within the

wake. A second object ive was to use the newly advanced capabil i t ies of laser

diode-based PMI system to obtain blade posi t ion, bending, and twist . The

v e l o c i t y a n d d e f o rma t i o n d a t a we r e a c q u i r e d s imu l t a n e o u s l y, a n d i n

synchronizat ion with rotor azimuth
12
.

The isolated rotor test system is a ceil ing-mounted general-purpose
rotor testing system. The fully articulated hub holds a Mach-scaled,
four-b laded , 1 .7 -meter diameter rotor. The rotor blades have a
rectangular planform and an NACA 0012 airfoil section with a chord of
6.6 cm and a linear twist of -8 degrees, nose down. A digital , 1024 pulse
per revolution encoder was attached to the rotor shaft to monitor rotor
speed and provide an azimuthal record for conditionally sampling the
instrumentation systems. A helicopter fuselage model was mounted on
a vertical strut below the rotor. The strut could be raised and lowered to
locate the fuselage in proper position under the rotor, Figure 15, or
fully lowered to be out of the influence of the rotor wake. The housing
containing the Nd:YAG laser and the laser frequency monitoring
system, (along with one of the three receiver optical systems), can be
seen outside the test section in Figure 15. The light sheet forming
optics were located on the test section floor behind a flow deflector,
Figure 15. Photographs of the light-sheet-forming optics and the
receiver optical system are shown in Figures 16 and 17, respectively.
All three receiver optical systems were placed on the advancing side of
the rotor. They were positioned to have an unobstructed view of the
laser light sheet when the fuselage was in place, Figure 18. The
common field of view was an area 1.02-by 1.14-meters.

The PMI system was a single-component , laser diode based system capable of

obtaining instantaneous (0.1 ms) measurements . This system is described in

detai l by Fleming and Gorton
13
. The system consists of a pulsed 15 W laser
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d iode bar (10 d i sc re t e emi t t e r s ) ope ra t ing a t 800 nm, a Ronch i ru l ing ,

project ing optics , and an electronical ly shuttered CCD video camera. The laser

diode bar was chosen as the l ight source because of i ts small s ize, high output

power, s ingle pulse operat ion, and infrared wavelength. The laser l ight passes

through the Ronchi rul ing (a diffract ing grading with a square wave cross

sect ion) to a lens system that projected the resul t ing l ines onto the underside of

the rotor blades, Figure 19. The PMI optical system was placed below the test

sect ion floor to view a 1.2-by 1.2-meter area in the rotor disk plane covering

50 degrees of rotor az imuth , Figure 18. The data acquis i t ion sys tem, a

one-camera version of the DGV component acquisi t ion system, and the laser

diode bar were tr iggered by the DGV synchronizat ion signal . Thus the DGV

and PMI systems acquired data at the same instant and each set to acquire data

with the same measurement window.

Each day of testing began with the alignment of the DGV and PMI
optical systems, followed by the spatial calibration of both systems at
the desired span position. A rotor blade was removed during this
process to allow unobstructed optical access to the dot target placed in
the measurement plane. The laser light sheet was then aligned to the
appropriate span position. Once aligned, the laser beam was redirected
to the tunnel structure to conduct Iodine vapor cell calibrations. The
rotor blade was replaced and the tunnel test section sealed. The rotor
was spun to 2,000 rpm and the laser beam redirected to form the light
sheet. Note that the rotor was always spinning when the pulsed light
sheet was crossing the blades; this technique protected the composite
rotor blades from damage by the high-power light sheet. The tunnel
was then brought on line and free stream set to the desired velocity. A
propylene glycol vaporizat ion/condensat ion smoke generator was
started and the smoke plume moved to pass through the measurement
plane.

Data acquisition began when the rotor system, wind tunnel velocity,
and smoke plume position were stable. A portion of the Nd:YAG laser
beam was sampled by a fast photodiode with output monitored with a
high-speed digital oscil loscope. The shape of the photodiode amplitude
versus time trace was visually inspected to determine that the laser
operated in single-frequency mode. If operating in single mode, a series
of 100 conditionally sampled DGV and PMI image sets was acquired.
The laser beam was then redirected to the tunnel walls and a sample of
ten images was acquired to track the laser frequency in each receiver
optical system. The light sheet was reformed and a second acquisition
of 100 image sets obtained. Another laser frequency measurement was
made followed by the acquisition of the third and final data set. The 300
conditionally sampled images sets would yield approximately 30 image
sets at each of the selected azimuth angles: 0- to 90-degrees, every
10±0.7 degrees.
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ISSUES

The wind tunnel investigation had benefits and drawbacks. Full
synchronization of the DGV and PMI systems was achieved with
repeatab le measurements as a funct ion of rotor az imuth; both
instruments operated simultaneously without interference; the DGV
results match theoretical and experimental rotor wake skew angles;
and, the PMI system successful ly measured rotor blade posit ion,
bending, and twist. New problems included laser speckle noise; poor
laser frequency stabi l i ty ; the inabi l i ty of the Iodine vapor ce l l
temperature management system to compensate for environmental
changes; and partial coverage of the laser light sheet with seeding
particles.

The rotor wake can be described as a cyl indrical column of accelerated flow

which is skewed from the freestream direct ion by an angle determined from the

downward veloci ty within the wake and the freestream veloci ty magnitude.

Figure 20 shows a DGV image of the freestream veloci ty component for a rotor

posi t ion of zero degrees azimuth at the 27.7 m/s test condit ion. The view in the

image is from the right side of the model looking inboard at the 80-percent

radial locat ion. The flow is from right to lef t and the rotor blade is rotat ing from

left to r ight . The overlaid dot card pat tern gives a sense of scale with 6.35 cm

spacing between the dots . The skew angle obtained from the DGV data is shown

in the figure along with the theoret ical skew angle using the analysis of

Stepniewski and Keys
18
, and the flow visual izat ion resul ts obtained by Ghee et

al
19
.

The performance of the PMI system is il lustrated by the progression of
blade deformation measurements shown in figure 21. The rotor tip
path plane was tilted 3 degrees nose down. The measured 26 mm
difference in the blade tip deflection between 70 and 110 degrees of
azimuth corresponds well to the expected deflection.

Changing the DGV laser source from the Argon-ion laser to a pulsed,
s ing le - f requency, f requency -doub led Nd:YAG laser prov ided the
capability to obtain conditionally-sampled unsteady flow data. It also
simplified Iodine vapor cell calibrations since the optical frequency
was continuously tunable by controll ing the injection laser voltage.
Unfortunately, the change in laser also affected both image quality and
frequency stability. Laser speckle was a far greater problem with the
Nd:YAG laser than the Argon-ion laser. Although increased speckle
might be expected from the narrower l inewidth Argon- ion laser
(10 MHz vs. 80 MHz for the Nd:YAG), the opposite was observed. The
level of laser speckle noise expected from the Argon-ion laser was
reduced by temporal averaging the collected particle-scattered light
during the 16.7 ms CCD camera field integration time.
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Classical ly laser speckle has been removed using low pass f i l ter ing techniques.

Th e s e t e c hn i qu e s i n c l u d e t empo r a l a v e r a g i ng , s p a t i a l a v e r a g i ng , l ow

frequency camera Modulat ion Transfer Funct ions (MTF)
14
, data binning

15
,

and image convolut ion with a f i l ter ing kernel
16
. Temporal averaging of

condi t ional ly sampled instantaneous data requires an instrument stabi l i ty

greater than that achieved in the present study. The other techniques use

hardware or sof tware methods to spat ia l ly average the data images, thus

smearing speckle noise. The speckle noise obtained when using the pulsed

Nd:YAG laser was so severe, the fi l ter ing required to signif icant ly lower the

noise contr ibut ion would also mask the character is t ics of f low structures . The

data processing software developed for the Argon-ion based system used the

image convolut ion technique, which when combined with normal temporal

averaging, reduced the speckle noise to acceptable levels . However, the

software was found to be completely inadequate for pulsed laser speckle. A new

method was developed to remove laser speckle noise without modifying the

measured flow structure.

A nonlinear f i l ter ing technique developed to remove impulse noise without

affect ing the underlying image integri ty is the median fi l ter
17
. Basical ly, the

technique sorts pixel ampli tudes within the processing kernel , e .g. , 5x5 pixels ,

then selects the median ampli tude as the fi l tered resul t . A median fi l ter

removes impulsive noise while the kernel-based low pass f i l ter passes an

impulse, albei t wider with a lower ampli tude. The effect iveness of this f i l ter

can be seen by comparing a reference camera image with the image after

f i l ter ing, Figure 22. Using this f i l ter ing method, laser speckle noise was

vir tual ly el iminated from the data images, reveal ing the rotor wake structures .

In the laboratory, the Nd:YAG laser maintained a stable output frequency with a

small long term drif t . In the wind tunnel however, severe temperature changes

(20
o
C) in the environment increased the rate of frequency drif t . Induced

vibrat ions from flow buffet ing and tunnel structure motion caused the laser to

change frequency randomly from pulse to pulse. For example, a ser ies of rat io

measurements obtained by the laser frequency monitor during the rotor wake

invest igat ion are shown in Figure 23 along with a similar ser ies obtained during

a subsequent invest igat ion in the Langley Unitary Plan Wind Tunnel . A

compa r i s on o f t h e two s amp l e s c l e a r l y s hows t h e d i f f e r e n c e i n l a s e r

performance between the laboratory-l ike condit ions of the UPWT and the

host i le environment of the 14-by 22-Foot Subsonic Tunnel .

T h e l a r g e c h a n g e s i n e n v i r o nmen t a l t emp e r a t u r e h a d t h e a d d i t i o n a l

ramificat ion of exceeding the capabil i t ies of the Iodine vapor cel l temperature

management system. The effect can be seen by comparing the series of three

Iodine cel l cal ibrat ions taken during the course of a day�s test ing. For example,

the cal ibrat ions for component C from a typical tunnel run are shown in Figure

24. The variat ion in the cal ibrat ion resul ted from temperature deviat ions in the

cel l from 47.4
o
C, to 48.0

o
C, to 53.0

o
C respect ively. This inabi l i ty of the
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temperature management system to maintain a constant temperature resul ted in

a variable bias error in the veloci ty measurements . In contrast , the vapor

l im i t e d c e l l u s e d i n t h e l a s e r f r e qu en cy mon i t o r y i e l d ed mo r e s t a b l e

cal ibrat ions, Figure 25, even though its temperature also varied.

Future Development

The rotorcraft test was an ambitious attempt to push the state of the art
of Doppler Global Velocimetry. The conversion to a system capable of
conditionally sampling instantaneous measurements required major
changes and additions to the system. Further modifications were also
n e e d e d f o r t h e D G V s y s t e m t o a c q u i r e v e l o c i t y m e a s u r e m e n t s
simultaneously with the operation of another optical measurement
technology, Projection Moiré Interferometry. Tasks where difficulties
were ant ic ipated, such as combining the DGV and PMI systems,
synchronizing the lasers, cameras, and data acquisition computers,
and conditionally sampling the measurements as a function of rotor
azimuth, were achieved successfully. In other areas, however, previous
experience was insufficient to predict system performance. These
i n c l u d e d i n a d e q u a t e f r e q u e n c y c o n t r o l o f t h e N d : YA G l a s e r,
insufficient isolation of the laser and Iodine vapor cells from the tunnel
environment, and laser speckle.

While techniques continue to be developed to compensate for the
problems with the rotor wake data, improvements in system hardware
and data acquisition procedures must be made to avoid these problems.
The following improvements comprise the next phase of development:

1)Procedures must be developed to prevent laser damage to wind
tunnel models;

2)Active feedback control circuits must be developed to hold the laser
optical frequency at a desired point while maintaining stable single
frequency laser operat ion. This improvement appl ies to both
Argon-ion and single-frequency, frequency-doubled Nd:YAG lasers;

3)Optical diagnost ic systems must be developed to monitor laser
stability. These systems shall provide control signals to the data
acquisition system that insure acquisition only when the laser is
operating properly;

4)Control software must be developed to automatically calibrate the
Iodine vapor cells;

5)The laser must be isolated from harsh wind tunnel environments;
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6)Standard Iodine vapor cells must be replaced with vapor limited
cells, and better isolated from the wind tunnel environment;

7)Smoke generating systems must be implemented that are capable of
completely fi l l ing the laser light sheet;

8)Laser light sheet visualization with a continuous-wave laser must be
used where necessary to determine proper smoke plume position.

SUMMARY

T h e o n - g o i n g d e v e l o p m e n t o f D o p p l e r G l o b a l Ve l o c i m e t r y f o r
application as a wind tunnel flow diagnostic tool has been discussed.
The sensitivities of this technology to wind tunnel characteristics and
environment have made wind tunnel testing a crucial part of the
development process. DGV development is traced from its inception as
a laboratory curiosity, to its current three-component configuration
capable of condit ional ly sampl ing instantaneous measurements .
A l t h o u g h m a n y s u c c e s s f u l i n n o v a t i o n s h a v e b e e n m a d e , D G V
development continues. Remaining problems include laser and Iodine
vapor cell stability, automatic determination of stable laser operation,
and versatile smoke generating systems.
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Figure 1 .P ic to r i a l v i ew of the Dopp le r Globa l Ve loc ime te r used in the Bas ic

Aerodynamics Research Tunnel to measure the flow above a 75
o

delta wing.
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Figure 2 .Pho tograph of the Dopple r g loba l ve loc imete r ins ta l l ed in the Bas ic

Aerodynamics Research Tunnel.

Figure 3.DGV data image for the near cross-flow component of the vortical flow above a

75
o

delta wing at an angle of attack of 20.5
o

.
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Figure 4.Signal camera image normalized by the reference camera image of the dot

target.

Figure 5.DGV data image for the near cross-flow component of the vortical flow above a

75
o

delta wing at an angle of attack of 20.5
o

.
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Figure 6.Flow visualization of the vortical flow above a 75
o

delta wing at an angle of

attack of 20.5
o

.

Figure 7.Map of the vertical velocity component measured by the DGV of the flow

above a flat plate inclined to -15
o

at Mach 2.5. Streamwise velocity contribution

remains in data.
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Figure 8.Views of equally spaced dots on a flat card from the left , r ight, and above with

an inclination of 30
o

from the card plane before and after warping.

Figure 9.Original and resolved U, V, and W velocity component images of a rotating

wheel obtained from the three views shown in figure 8.
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Figure 10.Pictorial view of the wing tip vortex interaction investigation in the Langley

30-x 60-foot Full Scale Wind Tunnel.

a) angle of a t tack = 2
o

b) angle of a t tack = 10
o

Figure 11.Cross flow component velocity mapping of the wing tip vortex, normal

average.

23



a) angle of a t tack = 2
o

b) angle of a t tack = 10
o

Figure 12.Cross flow component velocity mapping of the wing tip vortex, spatially

correlated average.

Figure 13.Camera calibration target.
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Figure 14.Signal- to-noise rat ios for several CCD video camera / frame grabber

combinations.

Figure 15.The 1.7-meter isolated rotor system with the fuselage placed below the rotor

mounted in the 14-by 22-Foot Subsonic Tunnel.
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Figure 16.Doppler Global Velocimeter laser light sheet forming optics.

Figure 17.Doppler Global Velocimeter receiver optical system.
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Figure 18.Planview of the model, laser light sheet, DGV receiver optical systems, and

PMI measurement area.

Figure 19.Projection Moiré Interferometer laser and transmission optical system.
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Figure 20.DGV measurement of the streamwise velocity with overlays of theoretical

rotor wake skew angle and vortex posit ions obtained from flow visualization,

freestream velocity = 27.7 m/s.

Figure 21.Azimuth dependent PMI measured blade deformation profiles, fuselage

down, rotor shaft angle set to -3 degrees.
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Figure 22.Removal of laser speckle noise with a median fil ter.

Figure 23.Comparison of Nd:YAG laser frequency stabil i ty during two wind tunnel

tests.
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Figure 24.Iodine vapor cell calibratoins for component C before, during, and after a

typical run.

Figure 25.Iodine vapor cell calibrations for the laser frequency monitor obtained

simultaneously with Figure 24.
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